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acterized in prostate-tissue extracts."” Independently between 1966 and 1971,

I n the 1960s, antigens with properties of prostate organ specificity were char-

Hara and colleagues in Japan identified a prostate-specific protein in seminal
fluid—“gamma seminoprotein.”>* An assay for gamma seminoprotein was subse-
quently developed for forensic use in rape cases. In 1978, Sensabaugh purified
a prostate-specific protein from seminal fluid, p30, which was also used for

forensic purposes.®

Following discovery of prostate antigen in prostate cancer tissue and sera by
the working group headed by Wang at Roswell Park Cancer Institute, the question
of whether gamma seminoprotein p30 and a protein with similar properties,
E1 antigen,®’ represent the same protein as prostate antigen became the focus of

numerous studies.>® 1018

In 1979, for the first time, the Wang group reported the immunoprecipitation
of an antigen from a pool of normal, hyperplastic, and malignant prostate tissue.?
They were able to show that this antigen was clearly prostate localized (ie, it was
not detected in bones, kidney, intestines, liver, or spleen). It was also shown that
it differed immunologically and chemically from prostatic acid phosphatase
(PAP), which had been used since 1938 for diagnosis of prostate cancer.’

In 1992 it was determined that all of these proteins had identical amino acid
sequences and, therefore, were encoded by the same gene.'” Now it is recog-
nized that gamma seminoprotein p30 and E1 are the same protein as prostatic
antigen (PA), identified by Chu’s laboratory in prostate cancer patients and sub-

sequently known as prostate-specific antigen (PSA)."
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Twenty Years of PSA continued

Biochemistry and Physiology

of PSA

Sensabaugh’s method for isolating
p30 from seminal plasma®'® became
established as a standard method for
preparation of purified PSA. There
was a great deal of interest and much
initial difficulty in determining the
biochemical and physiological role
for this protein. In 1984, Chu’s labo-
ratory reported that PSA functioned as
a protease, although they concluded
that it was not a serine protease.”® A
year later, the first reported physio-
logical role for PSA, the proteolytic
cleavage of seminal vesicle proteins,
was shown to occur primarily by
cleavage at basic amino acids charac-

In 1988, Lilja revealed the probable
physiological function of PSA, and
this remains the most commonly ac-
cepted hypothesis.”® In the seminal
fluid, PSA cleaves the gel-forming
proteins from the seminal vesicles
(seminogelins I and II and fibronectin)
initiating liquefaction of the ejacu-
late, thereby increasing the motility
of sperm cells and aiding fertiliza-
tion. The physiological reason for
high concentrations (typically 1-2
mg/mL) of a low-activity protease in
the seminal plasma is unknown. It
was shown, however, that hK2 was
also active in seminal plasma and
cleaved the seminogelins and fi-

PSA is a very poor protease, with low enzymatic activity.

teristic of trypsin-like serine pro-
teases.”' By analysis of the amino acid
sequence in 1986, Watt and col-
leagues recognized that PSA is struc-
turally similar to serine proteases and
kallikreins and showed experimen-
tally that it had both trypsin and
chymotrypsin-like enzymatic activi-
ties.'® Finally, Akiyama and associates
demonstrated conclusively in 1987
that the true enzymatic activity of this
protein was that of a chymotrypsin-
like serine protease, with high selec-
tivity toward only certain hydropho-
bic amino acids.*?

It was difficult to establish the true
enzymatic properties of PSA because it
is a very poor protease, with low enzy-
matic activity. By comparison, human
glandular kallikrein 2 (hK2), a similar
protease that is coexpressed with PSA
in the prostate, has a trypsin-like cat-
alytic activity 20,000 times higher
than the chymotrypsin-like activity of
PSA.2?* Therefore, contamination of
PSA with less than 1% of hK2 or a
similar protease would produce an ap-
parent trypsin-like activity higher than
the PSA chymotrypsin-like activity.
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bronectin at different amino acid
sites than PSA.%¢

PSA and the Homologous
Prostate Kallikrein, hK2
“Kallikreas” is the Greek word for the
pancreas, which Kraut and colleagues?’
assumed to be the primary source of
the hypotensive factor that they
called human kallikrein 1 (hK1). We
know now that hK1 is also expressed
in the salivary glands and kidney
and has powerful pain-producing and
vasodilation effects through the enzy-
matic release of kinins. The ability to
release kinins is viewed by some as
the definition of the true kallikrein,
and this function has been extensively
investigated.”®

PSA was the second member as-
signed to the human kallikrein family
because of its structural homology
with hK1, even though it had an
entirely different function. In the late
1980s a third human kallikrein was
discovered, hK2, Like PSA, hK2 is
prostate localized.? Formal nomen-
clature was established for kallikreins,
and PSA was named hK3.*
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PSA and hK2 are closely related in
terms of molecular structure, serine
protease activity, and prostate com-
partmentalization,® but hK2 has a
trypsin-like specificity restricted to
arginine residues?? and is a much
more potent enzyme, with perhaps
more than 20,000-fold greater enzy-
matic activity toward specific chro-
mogenic peptide substrates.?*** The
very high levels of PSA in seminal
plasma may compensate for its rela-
tively low enzymatic activity. In gen-
eral, hK2 is present at only 1% to
2% the amount of PSA in prostate,
seminal plasma, and serum.?®3*¢ hK2
was shown to autoactivate in vitro
by cleavage at a propeptide arginine
residue and release of mature hK2.**
PSA contains the same propeptide
arginine residue and does not autoac-
tivate. Together with the high relative
enzymatic activity of hK2 and prostate
colocalization with PSA, this sug-
gested that hK2 might regulate the
activity of PSA.

In 1997, Takayama,” Kumar,®
Lévgren,*® and their colleagues inde-
pendently produced the PSA precur-
sor (proPSA) in recombinant form
and reported its activation by hK2 in
vitro. They found that hK2 cleaves the
short 7-amino acid, N-terminal
propeptide of the 244-amino acid pre-
cursor form of PSA, resulting in de-
velopment of the mature active PSA
molecule with 237 amino acids.

PSA has an 80% amino acid se-
quence identity with hK2.*° This close
homology led to speculation that im-
munoassays for PSA may cross-react
significantly with hK2. The relatively
low amounts of hK2 compared with
PSA probably would not change
serum PSA levels significantly in most
cases, but a few specimens with rela-
tively high hK2 levels may be affected.
It was demonstrated in 1999 that at
least some monoclonal antibody PSA
assays do not cross react with pure
hK2.*" Polyclonal antibodies to PSA,
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however, do cross react with hK2 and
vice versa with polyclonal antibodies
to hK2.

In general, current monoclonal PSA
immunoassays would not be expected
to be influenced by serum hK2, but
the functional and enzymatic studies
of PSA may be affected significantly
by the much higher enzyme activity
of hK2 relative to PSA. In fact, the
earliest physiological study showing
that PSA cleaved the seminogelin
proteins in seminal plasma showed
cleavage at arginine and lysine
residues and attributed a trypsin-like
activity to the preparations of purified
PSA.” Even when the structural
rationale and the demonstrated
chymotrypsin-like activity for PSA
were clarified,'®** virtually all of the
published reports of PSA enzymatic
activity throughout the 1990s contin-
ued to observe at least some trypsin-
like activity.

Frenette and associates reported in
1998 that highly purified PSA was
still contaminated with very low
amounts of hK2.*? It was not until re-
combinant PSA was purified from
nonphysiological sources that a truly
hK2-free preparation of PSA was
demonstrated.*’ The quantity of con-
taminating hK2 would not be of con-
sequence for PSA standardization
methods, but contamination with
hK2 and possibly other trypsin-like
kallikreins now known to be in semi-
nal plasma* will continue to be an
issue because of the low enzymatic
activity of PSA. Similar concerns are
evident in studies showing the PSA
inactivation of insulin-like growth
factor binding protein-3.*°

PSA and the Human Kallikrein
Family of Proteins

Until the early 1990s, the human
kallikrein family was thought to
consist only of hK1, hK2, and
PSA (hK3).*® The paucity of human
kallikreins was considered an anom-

aly because other mammals, includ-
ing rats and mice, were known to
contain 20 or more kallikrein genes.*’
In the late 1990s, 12 new human
kallikrein genes were discovered,
several in the Diamandis laboratory.*®
All of the 15 human kallikrein genes
are clustered in a single gene locus
19q13.4.*%%  The entire human
kallikrein family may consist of these
15 genes, because they are contiguous
and bordered by nonkallikrein genes
on both the centromere and telomere
sides of the chromosome. Active re-
search is in progress in order to under-
stand the function and, in some cases,
potential diagnostic or therapeutic
roles of these homologous proteins.*®
Only hK2, PSA (hK3), and hK4 ap-
pear to be primarily prostate local-
ized, and it is tempting to speculate
that these 3 homologous serine pro-
teases interact in some way physio-
logically within the prostate. Because

with prostate cancer and attributed
to the pathological condition of the
prostate, by analogy to PAP.”!

In 1980, Kuriyama and associates,
working in the same group, reported
the first sensitive PSA immunoas-
say.”>* PSA could be quantified more
accurately with this assay, and the
clinical sensitivity for prostate cancer
was much higher. It was soon discov-
ered that elevated levels of PSA often
occurred as well in non-cancer pa-
tients with enlarged prostate glands
and clinical benign prostatic hyper-
plasia.>® The lack of specificity of
PSA for prostate cancer significantly
delayed clinical application. This
problem was amplified by the skepti-
cism of clinicians toward prostate
cancer tumor markers after years of
overpromotion of the prostatic acid
phosphatase assay as a “Male PAP
test.” Only when high-quality clinical
studies validated the potential of PSA

Contamination with hK2 and possibly other trypsin-like kallikreins now
known to be in seminal plasma will continue to be an issue.

hK4 appears to be similar to hk2, it
could serve some of the same putative
functions ascribed to hK2, such as the
activation of proPSA®*® (Figure 1).

PSA and the Detection of
Prostate Cancer

In 1980, Papsidero and colleagues®
at Roswell Park found that PSA oc-
curs in the serum of patients with
prostate cancer and not only in
prostate tissue and seminal plasma.
Using an insensitive immunoelec-
trophoresis method that detected a
minimum of 500 ng/mL PSA (com-
pared with < 0.01 ng/mL for modern
immunoassay techniques), sera from
219 patients with advanced prostate
cancer and 175 patients with other
types of cancer were tested. Using this
technique, PSA was detected in the
serum in only 17 of the 219 patients
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did it become an important serum test
for the management, and later the
detection, of prostate cancer.
Another key to the adoption of
PSA was the concurrent improvement
in therapies for prostate cancer. The
development of the anatomic, nerve-
sparing prostatectomy by Walsh at
Johns Hopkins Medical Institute,
Baltimore, MD, in the early 1980s
made surgery for the disease more ef-
fective with lower morbidity for the
early disease detected by PSA tests.>
Conversely, the ability of PSA to de-
tect very early signs of relapse has al-
lowed development of more effective
therapies for metastatic disease.

Free and Complexed PSA

in Serum

In 1987, molecular sieve methods un-
expectedly found 2 forms of PSA
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Figure 1. Schematic representation of major expressions of human kallikreins in various tissues. Adapted from

Yousef and Diamandis.*

in the sera of patients with prostate
cancer: a small (36 kDa) and a large
(90-100 kDa) molecular form. The
expected molecular size of PSA
from biochemical characterization of
tissue PSA by amino acid sequenc-
ing is about 26 kDa. The authors at-
tributed the larger molecular PSA
form, 90-100 kDa, to polymerization
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or possibly the binding of PSA au-
toantibodies to PSA.'"* Many years
later the free and complex forms of
PSA were discovered in the patient
serum, accounting for the 2 forms
mentioned.

It was Lilja and Stenman in the early
1990s who first discovered the iden-
tity of the 2 major molecular forms of

REVIEWS IN UROLOGY

PSA in serum.’®*” PSA exists in serum
predominantly as a complex with
the protease inhibitor alpha-1-antichy-
motrypsin (ACT), whereas only about
10% to 30% is present as un-
complexed or free PSA. Circulating
antiproteases, such as ACT and alpha-
2-macroglobulin («-2-MG), protect
against active proteases. For exam-
ple, the trypsin-like protease hK1 is
complexed primarily with «-2-MG
and o«-1-protease inhibitor. Anom-
alously, the trypsin-like hK2 is found
predominantly as a complex with
ACT in serum, like the chymotrypsin-
like PSA.*® a-2-MG also complexes
with PSA and hK2, but the proteases
are completely surrounded by «-2-
MG and cannot be detected by anti-
bodies. Therefore, they are not mea-
sured in immunoassays.

Although the molecular nature of
free PSA was not elucidated until
several years later, free PSA repre-
sented an inactive form(s) of PSA, and
for this reason was not complexed
with protease inhibitors. An impor-
tant part of the discovery of free
PSA was its correlation with benign
prostate disease. That is, free PSA is
generally lower in prostate cancer
than in benign prostate enlargement.
This property led to the development
of specific immunoassays for free
PSA. Monoclonal antibodies were pro-
duced, which specifically bind to the
region of PSA that is coupled to ACT
in the PSA-ACT complex.”® In this
way, the free PSA antibodies will not
cross react with PSA-ACT. The ratio of
free PSA to total PSA is a useful clin-
ical algorithm to increase the predic-
tive value for positive biopsies and
cancer detection. The rationale for el-
evated free PSA in benign disease was
not revealed for several years.*

The Normal Reference Range

of PSA

As mentioned, in 1980 Kuriyama and
colleagues® developed a more sensitive
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method for determining the concentra-
tion of PSA in the serum, an enzyme
immunoassay that contained a rabbit
anti-IgG antibody to PSA. In turn,
prostate tissue extracts, sera from pa-
tients with prostate cancer or other
types of cancer, and sera from appar-
ently healthy men were compared.
Based on the results, the first “refer-
ence range” was formulated (0.1-1.79
ng/mL) for PSA in the serum. PSA
measurements in sera from women re-
vealed no measurable concentrations,
with a lower detection limit of 0.1
ng/mL. The highest concentrations
were found in the serum of patients
with advanced prostate cancer. The
serum PSA concentration in men with
locally limited prostate cancer did not
differ definitively from the PSA con-
centration in the serum of patients
with benign prostatic hyperplasia.

The established normal range limit
of 4.0 ng/mL for PSA was initially
proposed in a 1986 study by
Hybritech Inc., San Diego, CA, in a
small population of 472 men without
a history of prostate cancer. Later
studies of larger and more clinically
relevant populations to define the op-
timum cutoff value with both sensitiv-
ity and specificity for cancer detec-
tion fluctuated between 2.8 and 4.0
ng/mL. The screening study of 6630
men aged 50-74, which led to the first
US Food and Drug Administration
(FDA) approval for early detection,
assessed the efficacy of the 4.0 cutoff
and derived an upper limit of 3.9 in
the 50-54 age group.®"®? At the time,
recommendation of a biopsy for men
with PSA > 4.0 ng/mL was considered
to be an aggressive position because
PSA values greater than 10 ng/mL
were often viewed as the biopsy deci-
sion point.

Consequently, a value of > 4.0
ng/mL became established for recom-
mending biopsy, although it was
known that men could have cancer
with PSA values below 4.0 ng/mL.

Numerous recent studies have shown
that many cancers are missed with
this cutoff,*>** and that earlier medical
intervention may lead to improved
patient outcomes.®>*® The 2.5 ng/mL
cutoff was recently recommended by
the National Comprehensive Cancer
Network in the United States.

The Effect of Interassay
Standardization on Reference
Ranges for PSA

The clinical impact of PSA interassay
variation has become a concern in the
last 10 years.®” The interpretation of
PSA velocity is influencing clinical
decisions, because many men present

than those detected by the standard-
ization that was used to establish
the original 4.0 ng/mL cutoff.”"" For
example, a t-PSA concentration of 4
ng/mL may translate into 3.3 ng/mL
after restandardization to WHO. There
is a serious risk for misinterpretation
of PSA if complete communication on
the new cutoff is not provided after
assay recalibration. Indeed, keeping a
cutoff of 4 ng/mL after PSA calibra-
tion to WHO means that a man may
have delayed prostate cancer detec-
tion. Up-to-date information is re-
quired from the manufacturer about
adjusted cutoff values for PSA, free
PSA, and percentage of free PSA

Because of analytical and biological variations, PSA changes over time must

be interpreted with great care.

today with serial PSA determinations
over several years. The study by
Stephan and associates®® shows ele-
gantly that an increase of t-PSA of
0.5 or 0.75 ng/mL per year can be the
result of a change in the assay system
used rather than an actual change in
PSA concentrations. Further, as re-
cently reviewed® the intraindividual
biological variation of t-PSA may
well reach 20%. Because of such ana-
lytical and biological variations, PSA
changes over time must be interpreted
with great care.

Calibration of PSA assays to the
World Health Organization (WHO)
standard may help reduce interassay
variations. Nevertheless, PSA assays
incorporate different antibodies and
are run on different systems. There-
fore, as demonstrated by Stephan’s
group,®® PSA assays are not delivering
identical results even after WHO stan-
dardization. The term “harmonization”
rather than “standardization” should
be used to avoid the presumption that
“all PSA results are the same.”

Recalibration to WHO typically re-
sults in lower t-PSA concentrations
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when assays undergo recalibration to
the WHO standard.

PSA and Paradigm Shifts in
Prostate Cancer Diagnostics

The value of using PSA as a tool for
screening and early detection was not
initially apparent. In fact, in the late
1980s most experts stated strongly
that PSA would not be useful for this
application. This was because early
studies of PSA wusing sensitive im-
munoassays revealed that although
PSA was elevated in prostate cancer,
there was significant overlap with
benign prostate disease, especially for
men with enlarged prostate glands.
This lack of specificity cast doubt on
the clinical utility of PSA, resulting
in the continued use of the estab-
lished prostate marker, PAP. Lange
and associates, together with Hybritech,
Inc., developed a new paradigm to
evaluate PSA levels following radical
prostatectomy.”?

It was hypothesized that PSA levels
would drop to undetectable levels
after successful surgery because the
prostate gland is an essential source
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of serum PSA. The use of PSA to
monitor cancer relapse after curative
treatment was approved by the FDA
in 1986 and remains the gold stan-
dard for this clinical use. The study
demonstrated that after successful
prostatectomy, patients have PSA lev-
els less than 0.1 ng/mL after the sur-
gically released PSA is cleared from
the blood. Indeed, a more recent study
using an ultrasensitive PSA assay
demonstrated that the “biological
zero” level of PSA after surgery is
below 0.008 ng/mL.”

These studies also demonstrate that
PSA derived from the periurethral
glands does not significantly enter
the bloodstream. Instead, it is released
into the urinary tract, invalidating
urine PSA for current clinical diag-
nostic purposes. PSA levels above
0.1 ng/mL and continuing to rise in
2 subsequent tests over time are evi-
dence of a biochemical relapse, which
can precede a clinical relapse by
months or years. The availability of
FDA-approved PSA kits set the stage
for the largest diagnostic paradigm
shift—the use of PSA for early detec-
tion of prostate cancer. An essential
part of this clinical algorithm was
significant improvement in the early
1980s in the percutaneous needle
biopsy guided by transrectal ultra-
sound (TRUS) to diagnose prostate
cancer. Previously, the biopsy proce-
dure was not very accurate, often
resulted in infections, and required
hospital admission. The ultrasound-
guided Biopty® gun (Bard, Covington,
GA) provided a valuable, easier to use
tool for the urologist.”*”®

It can be argued that without the
improved biopsy procedure, PSA
would not be nearly as valuable as it
is today. In comparison, the cancer
marker CA125 is probably more spe-
cific for ovarian cancer than PSA for
prostate cancer, but the laparotomy
required to diagnose ovarian cancer is
an invasive surgery and greatly limits
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CA125 for early cancer detection.
Even with an automated biopsy de-
vice such as the Biopty gun, there
was a need for a more accurate selec-
tion of patients.

A multisite clinical study in the early
1990s demonstrated that sextant
biopsy of patients with PSA greater
than 4.0 ng/mL, with or without a
suspicious digital rectal examination
(DRE), was effective in patient selec-
tion for biopsy.®’ For every 100 men
aged 50-75, undergoing PSA testing
the first time, about 85 had PSA val-
ues less than 4.0 ng/mL. The remain-
ing 15 men could then be evaluated
by biopsy. Approximately 4-5 of
these men were found to have a clin-
ically significant cancer. This study
led in 1994 to the first FDA approval
for any tumor marker to aid in the
early detection of cancer.

The wide use of PSA over the past
10 years has resulted in a marked
change in the epidemiology of
prostate cancer. The clinical stage has
migrated to lower stages upon diag-
nosis. In 1986, fewer than 1/3 of men
diagnosed with prostate cancer had
organ-confined disease. Today, well
over 2/3 of men diagnosed with
prostate cancer have PSA values less
than 10 ng/mL and potentially curable,
organ-confined disease. A special
clinical-stage classification, T1C, has
been created for men diagnosed with
prostate cancer with no other signs
except an elevated PSA. The impor-
tant question of whether PSA testing
results in lower mortality may not be
fully answered for several years,
although recent data from the Ameri-
can Cancer Society indicate that
cancer mortality has decreased since
the PSA screening era began.”® Never-
theless, it is generally accepted that
the use of PSA has led to the
overtreatment of many men.”” The
PSA assays in use today are not pre-
dictive in differentiating aggressive
from nonaggressive cancer.
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Enhancement of PSA Tests

The use of PSA for early detection of
cancer increased rapidly in the early
1990s. Today an estimated 20 million
PSA tests are done per year in North
America and possibly 20 million
more outside of North America. With
this huge number of PSA tests and
subsequent large number of biopsies,
a great need has emerged to increase
the specificity of PSA. The discovery
of the different molecular forms of
PSA, free PSA, and complex PSA in
1990”® showed the way for the next
generation of immunoassays to in-
crease PSA specificity.

Extensive research on free PSA led
to specific immunoassays and a better
understanding of how to utilize free
PSA with total PSA to provide more
predictive biopsy results. It was noted
that increased levels of free PSA were
associated with benign disease and a
decreased probability of cancer.””®
Free PSA was approved by the FDA
for use with total PSA for cancer de-
tection in 1998. On the one hand, a
high ratio of free PSA to total PSA
(eg, > 25%) greatly reduces the prob-
ability of cancer. On the other hand, a
low percentage of free PSA (eg, < 10%)
greatly increases the probability of
cancer. A limitation of free PSA
is that most patients will be in the
middle—the “gray on gray zone”—with
a PSA between 4 and 10 and a percent
of free PSA between 10% and 25%.
Nevertheless, free PSA is used to aid
biopsy decisions.

More recently, there have been
advances in complex PSA, the other
form of molecular PSA. Because the
total PSA assay measures both com-
plex and free PSA, it is expected
that complex PSA will yield clinical
results similar to free PSA. Most stud-
ies have demonstrated that the highly
specific complex PSA assay, which is
FDA-approved for giving clinical
results comparable with total PSA,
improves differentiation between
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prostate cancer and benign biopsy
results.?? Some studies, however, have
shown that complex PSA can increase
predictive value for biopsy in certain
PSA range intervals.®

Another effective way to enhance
PSA specificity is to combine clinical
information with a given PSA result.
Independent of cancer, PSA tends to
increase progressively with age.®* The
age-specific PSA reference range can
be used to increase specificity for
cancer. Cancer detection sensitivity
for older men will be sacrificed with
this method, however, resulting in
many missed cancers for those over
65.°" Nevertheless, it is generally
accepted that a PSA of 3.5 for a 50-
year-old man is more significant than
a PSA value of 4.5 for a 70-year-old
man. Reasons for this acceptance in-
clude the slow-growing nature of most
prostate cancers and the overtreatment
issue.

Still another effective method to in-
crease PSA specificity is to include
the size of the prostate, so-called
PSA density.®*%® Men with enlarged
prostates often have elevated PSA be-
cause of benign disease. PSA density
can be calculated by dividing the PSA
value by the prostate volume mea-
sured by TRUS. The difficulty with
this approach is that TRUS is invasive
and expensive, and the prostate
volumes determined at different med-
ical centers may vary significantly.
Consequently, this method is not
used routinely, although biopsy deci-
sions may be influenced even by
rough size estimates by the physi-
cian. Perhaps one of the most cancer-
indicative clinical features is the rate
of PSA increase with time—a concept
termed “PSA velocity.”® Serum PSA
increases significantly in the pres-
ence of tumor compared with benign
disease alone. On the one hand,
PSA velocity analysis may not be
practical, because multiple PSA val-
ues must be obtained over a period

of years to use this algorithm most
effectively. On the other, PSA velocity
may become more useful in determin-
ing the need for repeat biopsy for the
increasing number of patients with
negative biopsies and elevated PSA
levels.®®

Molecular Forms of Free PSA

In spite of intensive study, the mole-
cular nature of free PSA was un-
known until the late 1990s. Free PSA
was assumed to represent enzy-
matically inactive PSA because ac-
tive PSA rapidly and irreversibly
forms complexes with serum pro-
tease inhibitors. Higher percentages
of inactive PSA were observed in
benign prostate tissue than in nor-
mal seminal plasma.®® The inactive
PSA in the prostate tissue, more fully

prostate tissue and not cancer. In
an interesting observation, 1 form of
proPSA was found to be highly effec-
tive in detecting cancers in men
with very high free PSA (ie, greater
than 250%).°* Specific monoclonal an-
tibodies to BPSA and proPSA have
recently been used to develop spe-
cific immunoassays for the different
free PSA molecular forms.”® ProPSA
is enriched in the peripheral zone
tumors, and BPSA is enriched in
the transition zone, especially in en-
larged glands with benign hyperplas-
tic nodules.

A third molecular form of free
PSA, inPSA (intact, nonnative PSA),
has been identified in tissue and
serum.”® Unlike BPSA and proPSA,
the molecular characterization of
inPSA is not known. Free PSA in

BPSA and proPSA represent benign and cancer-associated free PSA forms
and can together be considered as the “yin-yang” of free PSA.

characterized in seminal plasma,®
was assumed to be the origin of free
PSA.

Paradoxically, the first reported
free PSA form, proPSA, was found
by Mikolajezyk and associates at
Hybritech, Inc. to be associated with
cancer and not benign disease, as
would be expected for a free form of
PSA.%%%" In later studies Mikolajczyk
and associates, working in conjunc-
tion with Slawin at Baylor College
of Medicine, discovered another free
PSA form, BPSA, which is correlated
with benign disease and specifically
with clinically benign prostatic hy-
perplasia.®® BPSA and proPSA repre-
sent benign and cancer-associated
free PSA forms and can together
be considered the “yin-yang” of free
PSA.”

The free PSA assays measure all
forms of free PSA, and on average,
high proportions of free PSA will be
associated most often with benign

VOL. 9 NO. 3 2007

serum contains, on average, roughly
equal proportions of the 3 molecular
forms, but the relative amounts of
proPSA and BPSA vary significantly
in individual patients and are corre-
lated with cancer and benign tissue.
The proportion of inPSA in serum
is elevated in noncancer and tends
to be the inverse of proPSA. A possi-
ble explanation for the correlation
of free PSA with benign tissue is
the combined amounts of BPSA and
inPSA.

Another specific monoclonal anti-
body to a free PSA form, PSA-I,
detects only the nonclipped forms
of free PSA.%® Thus, the PSA-I assay
would be expected to detect both
proPSA and inPSA but not BPSA.
Studies with PSA-I have yielded
encouraging results for the detection
of prostate cancer. There is no current
immunoassay for inPSA, but this form
can be quantified by calculation using
free PSA, BPSA, and proPSA values.
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The presence of relatively high
amounts of proPSA in individual
samples no doubt leads to some of the
considerable overlap between cancer
and noncancer with the free PSA
assay. ProPSA is the natural precursor
to active PSA and is rapidly cleaved
to form active PSA under normal
physiological conditions. In tumor
cells, proPSA apparently is converted
less rapidly to the active enzyme. The
levels of proPSA build up in the
tumor, and there is also degradation
of the proPSA, which results in trun-
cated proPSA.°" The truncated
forms of proPSA are resistant to con-
version to active PSA enzyme. Using
highly specific immunoassays for
proPSA and BPSA, several studies

ng/mL."°> Recent publication of the
data from the Prostate Cancer Preven-
tion Trial (PCPT) revealed that as
many as 15% of men with a serum
PSA value of less than 4.0 ng/mL
have cancer and that approximately
25% of these men may have signifi-
cant cancer of Gleason Score 7 or
above.** In addition, in spite of vari-
ous protocols to improve the speci-
ficity of PSA, the biopsy detection
rate is only about 40% in men with
PSA values from 4 to 10 ng/mL."®
Thus, approximately 60% of these
men received unnecessary biopsies.

It is clear that the measurements of
new molecules from blood, urine, or
other body constituents are needed
to significantly reduce the cost and

Recent studies have reopened the controversy regarding the appropriate level
of serum PSA that should trigger a biopsy.

have shown a significant increase in
specificity for prostate cancer, espe-
cially at the lower PSA range, 2.5-
4.0.°%% In addition, serum proPSA
appears to provide valuable informa-
tion on cancer aggressiveness.'®

Current Controversies in the Use
of PSA in Early Detection

Recent studies have reopened the
controversy regarding the appropriate
level of serum PSA that should trigger
a biopsy. It has been known for many
years that cancer will not be found on
an initial biopsy in as many as 65% of
men with PSA above 4.0 ng/mL; even
in early studies it was shown that
men can have cancer and have nor-
mal levels of PSA. Attempts to deter-
mine the level of prostate cells in
peripheral blood by reverse transcrip-
tase polymerase chain reaction (RT-
PCR) did not significantly improve
cancer diagnosis or predict postoper-
ative failure.” In Hybritech’s initial
studies in the 1980s, 19% of men with
cancer had PSA values below 4.0
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morbidity resulting from negative
biopsies. The ideal candidate for such
a marker would be exclusively ex-
pressed by prostate cancer tissue and
easily sampled from the patient. An
example of such a potential marker
is PCA3 (formerly called DD3), a gene
identified by Bussemakers and col-
leagues at the University of Nijmegen,
the Netherlands, and Johns Hopkins
University.'” This gene, originally
identified using differential display
technology, is specific only to prostate
cells. Furthermore, PCA3 is 60- to
100-fold overexpressed in 95% of
prostate cancers as a nontranslated
mRNA lacking an open reading frame.

Assays for PCA3 have been devel-
oped by utilizing different amplifica-
tion technologies.'®'” The tests mea-
sure the expression of the PCA3 gene
in cells isolated from the urine of men
suspected of having prostate cancer
after receiving a digital rectal exami-
nation. These assays take advantage
of the fact that PSA is expressed ap-
proximately equally by all prostate
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epithelial cells, whether normal or
cancerous. The ratio of the expression
of PCA3 as a function of the expres-
sion of the PSA gene controls for the
total number of normal prostate cells
in the sample.

In studies to date, the measurement
of PCA3 expression as a function of
PSA expression in men presenting for
biopsy has yielded clinical sensitivity
in the range of 50% to 75% and speci-
ficity in the range of 80% to 90%.
Similar performance has been demon-
strated for the detection of cancer in
men presenting for a second biopsy
after an initial negative result. Inves-
tigations have also shown that, unlike
PSA or free PSA, the PCA3/PSA ratio is
independent of prostate size. Perfor-
mance characteristics such as those
shown in these early research studies
indicate that this marker could be a
useful adjunct to PSA in determining
which patients should be biopsied.

Another gene, alpha-methyl coen-
zyme A racemase (AMACR), has been
used in this strategy for a molecular
urine test. Zielie and associates
demonstrated that quantification of
AMACR transcripts normalized to
PSA transcripts in urine sediments
was highly predictive of prostate can-
cer.'® The discovery of TMPRSS2:ERG
gene fusions in the urine of prostate
cancer patients provides a powerful
new noninvasive approach to cancer
detection.”®"® Such gene transloca-
tions may be not only diagnostic but
also causative for the development of
prostate cancer. These are some of the
more promising markers that have
been proposed for use in conjunction
with PSA and other mRNA markers
to improve the accuracy of prostate
cancer diagnostic protocols.

Future Advances in PSA

Clinical Diagnostics

Research and clinical studies over
the last decade have demonstrated
potential clinical applications for
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Main Points

e A prostate-specific antigen (PSA) value of > 4.0 ng/mL is established for recommending biopsy. The US National Comprehensive
Cancer Network has recommended 2.5 ng/mL, because many cancers are still being missed at the higher cutoff. Because PSA is
not a cancer-specific marker, cancer will not be detected in 60%-75% of men upon initial biopsy.

e Men with enlarged prostates often have elevated PSA because of benign disease.

e Independent of cancer, PSA tends to increase progressively with age. The age-specific PSA reference range can increase specificity
for cancer.

e Use of PSA to detect early signs of cancer relapse after treatment has allowed earlier and more effective therapies for metastatic
disease.

e PSA assays are not delivering identical results, in part due to differences in PSA standardization. Tests using the more recent
World Health Organization PSA standards give values 20%-25% lower than tests based on the original standardization used to
establish many of the PSA cutoffs.

e Although PSA helps detect prostate cancer, PSA assays in use today are not predictive in differentiating aggressive from non-
aggressive cancer. Better tests are needed to minimize overtreatment of non-life-threatening cancer.

e PSA isoforms improve cancer detection. A ratio of free PSA to total PSA > 25% greatly reduces the probability of cancer, whereas
a ratio < 10% greatly increases the probability. Complexed PSA may improve cancer detection compared with total PSA. Of 2
forms of free PSA, proPSA is associated with cancer, whereas BPSA is correlated with benign disease.

e One of the more promising clinical applications for better cancer detection is PSA velocity—the rate of PSA increase with time—
but effective use requires multiple PSA tests over a period of years.
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